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Abstract
In the ’fat-brane’ realization of Universal Extra Dimension (UED) models, the gravity mediated decays of Kaluza-Klein (KK)
excitations of the Standard Model (SM) particles offer interesting collider signals. Colored level-1 KK-particles (quarks q1 and/or
gluons g1) are pair-produced at the colliders due to conserved KK-parity. These particles, then, cascade decay into lighter level-1
KK-particle in association with one or more SM particles until producing lightest KK particle (LKP). The gravity mediation allows
LKP to decay into photon or Z-boson plus gravity excitation, hence resulting in di-photon/ZZ/Zγ plus missing transverse energy
signatures at collider experiments. Alternatively, pair-produced level-1 KK quarks/gluons may directly decay into the corresponding
SM quark/gluon and a gravity excitation resulting in di-jet plus missing transverse energy signal. The ATLAS Collaboration has
recently communicated the results for di-photon and multi-jet plus missing transverse energy searches with 36.1 inverse-femtobarn
of integrated luminosity at 13 TeV center-of-mass energy. No significant excess of events above the SM expectation was observed
in both searches. We constrain the ’fat-brane’ UED model parameters, namely the fundamental Planck mass MD and the size of
small extra dimensions R, in the light of above-mentioned ATLAS searches.
The extra dimensional models offer another perspective on
the shortcomings of the Standard Model (SM) and predict new
signals at the current and future collider experiments. In the
case of ADD [1] model, for instance, the SM particles are lo-
calized on 3-brane (4-dimensional manifold) and only gravity
is allowed to propagate into ’N’ number of large extra dimen-
sions. The four-dimensional Planck mass, is then diluted by
the volume of the extra dimensional space VN ∼ rN , where N
and r are the number and size of large extra dimensions, re-
sulting in higher dimensional Planck mass around a few TeV
and hence offering a solution to naturalness/hierarchy problem.
The same problem is also addressed by RS [2] model through
introduction of warped metric. On the other hand, there are a
class of models, known as Universal Extra Dimension (UED)
models, wherein some or all of the SM fields can access small
(TeV−1) extra dimension(s) [3, 4]. Such scenarios do not of-
fer solutions to the naturalness/hierarchy problem as elegant as
ADD or RS does however, could lead to a new mechanism of
supersymmetry breaking [3], relax the upper limit of the lightest
supersymmetric neutral Higgs mass[5], interpret the Higgs as a
quark composite leading to a electroweak symmetry breaking
(EWSB) without a fundamental scalar or Yukawa interactions
[6], lower the unification scale down to a few TeVs [7], give
a different perspective to the issue of fermion mass hierarchy
[8], provide a cosmologically viable candidate for dark matter
[9, 10], predict the number of fermion generations to be an inte-
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gral multiple of three [11], explain the long life time of proton
[12] and give rise to interesting signatures at collider experi-
ments [13, 14, 15]. Our concern here is a specific and particu-
larly interesting version of UED scenario, known as ’fat-brane’
realization of UED, where in addition to TeV−1 size extra di-
mension(s) (accessible to all SM fields and the gravity), large
(∼ eV−1 to keV−1 size) extra dimension(s) (accessible only to
the gravity) are introduced [16, 17, 18].
In UED, the SM gauge symmetry is preserved on a 3 + 1 +m
dimensional space-time manifold with m small (∼ TeV−1) extra
dimensions being compactified on different geometries. All the
SM fields are allowed to propagate into compact extra dimen-
sions resulting into towers of extra particles, called the Kaluza-
Klein (KK) particles. Each particle in a KK-tower is identified
by an integer n, known as the KK-number. Translational sym-
metry along the extra dimension(s) ensures the conservation of
KK-numbers. However, in order to obtain the chiral structure
of the SM, one needs to introduce a Z2 symmetry. For exam-
ple, in the minimal version of UED (mUED) there is only a
single flat extra dimension (y), compactified on an S 1/Z2 orb-
ifold with radius R [4]. The Z2 symmetry breaks the transla-
tion invariance along the extra dimension. As a result, KK-
number conservation breaks down at loop-level, leaving behind
only a conserved KK-parity, defined as (−1)n. This discrete
symmetry has several interesting consequences. KK-parity al-
lows only pair production of level-1 KK-particles at the col-
liders, prohibits KK-modes from affecting tree-level EW pre-
cision observables, allows a level-1 KK-particles to decay into
a lighter level-1 KK-particles and hence, ensures the stability
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of the lightest KK-particle (LKP). Being strongly interacting,
level-1 KK quarks and gluons are copiously pair-produced at
hadron colliders giving rise to multiple jets, leptons in associa-
tion with missing transverse energy1 (ET/ ) signatures [14].
In this work, we are interested in a particular variant of UED
model where mUED is embedded in a (4+N) dimensional bulk
[16, 17] with N large (∼ eV−1 to keV−1 size) extra dimensions
being accessed only by the gravity. The name ’fat brane’ real-
ization of UED came from the fact that the single small extra
dimension of mUED (accessible to both matter and gravity) can
be viewed as the thickness of the SM 3-brane in the (4 + N)-
dimensional bulk. In this scenario, both the SM particles and
graviton would have KK excitations with different masses re-
sulting from different compactifications. The gravity induced
interactions do not respect KK-number or KK-parity conserva-
tion among the KK-excitations of the SM particles. For ex-
ample, the gravity induced interactions allow the level-1 KK-
excitations of the SM fields to decay directly into corresponding
SM particles by radiating a gravity excitation and thus, LKP is
no more a stable particle. This makes the collider signatures of
this model drastically different from the signatures of mUED.
For example, gravity mediated decays of LKP give rise to pho-
ton(s) and/or Z-boson(s) in the final state. On the other hand,
if the Gravity Mediated Decays (GMD) dominate over the KK-
number conserving decays (KKCD), the pair-produced strongly
interacting level-1 KK particles directly decay to their SM part-
ners in association with a gravity excitation resulting in di-jet
plus large /ET 2 signature. In this work, we have studied the
collider phenomenology of ’fat brane’ realization of mUED in
the context of recent ATLAS searches for di-photon/multi-jets
plus /ET signatures with 36.1 inverse-femtobarn of integrated
luminosity data collected at 13 TeV center-of-mass energy of
proton-proton collisions.
1. The Model
Minimal UED is characterized by one small extra dimension
y compactified on S 1/Z2-orbifold with O ∼ TeV−1 size radius
R. All SM particles are assumed to propagate into y. The orb-
ifolding is crucial in generating chiral zero modes for fermions.
Each component of a 5-dimensional field is either even or odd
under the orbifold projection. After compactification, the ef-
fective 4-dimensional Lagrangian can be written in terms of
the respective zero modes (only for fields which are even un-
der orbifold projection) and the KK excitations. The zero mode
fields are identified with the SM particles. For the details of
KK-decomposition of the SM fields in 5-dimension on S 1/Z2-
orbifold and resulting effective 4-dimensional Lagrangian, we
refer the interested reader to Ref. [4].
The tree level mass of any level-n KK-particle is given by
m2n = m
2
0 + (nR
−1)2, where m0 is the corresponding SM parti-
cle mass. For a moderate size of R−1 > 500 GeV, the mUED
1ET/ results from the stable weakly interacting lightest level-1 KK-particle
which remains invisible in the detector.
2Here, /ET results from the gravity excitations escaping detection.
mass spectra is quite degenerate. The degeneracy can be par-
tially lifted if radiative corrections are taken into account. There
are two types of corrections: Bulk corrections arise from the
winding of the internal loop around the compactified direction
[19], and are finite and nonzero only for the gauge boson KK-
excitations. On the other hand, boundary/orbifold corrections
are logarithmically divergent. The process of orbifolding intro-
duces a set of fixed points in the fifth direction (two in the case
of S 1/Z2 compactification). Boundary corrections are the coun-
terterms of the total orbifold correction, with the finite parts
being completely unknown, and depend on the details of the ul-
traviolet completion. Minimal UED assumes that all boundary
terms vanish at cutoff scale Λ > R−1 and hence, the correc-
tions from the boundary terms, at a renormalization scale µ are
proportional to ln(Λ2/µ2).
The mixing between the KK-excitations of the neutral elec-
troweak gauge bosons is analogous to their SM counterparts
and the mass eigenstates and eigenvalues of the KK ‘photons’
and ‘Z’ bosons are obtained by diagonalizing the following
mass squared matrix.
n2
R2
+ δˆm2Bn +
1
4
g2v2
1
4
gg′v2
1
4
gg′v2
n2
R2
+ δˆm2Wn +
1
4
g′2v2
 ,
where, δˆm2Bn and δˆm
2
Wn are the total one-loop correction (includ-
ing both bulk and boundary contributions) for B(n)µ and W
3(n)
µ , re-
spectively and g and g′ are the SM gauge coupling correspond-
ing to SU(2)L and U(1)Y , respectively. It is important to note
that, the extent of mixing for non-zero KK-modes is miniscule
and is progressively smaller for the higher KK-modes. As a
consequence, the Z1 and γ1 are, for all practical purposes, es-
sentially W13µ and B
1
µ. This has profound consequences in the
gravity mediated decays of LKP which will be discussed in the
following.
1.1. Fat-brane mUED scenario & gravity matter interactions
In the fat-brane scenario, the gravity is allowed to propagate
into N large extra dimensions which are then compactified on
a N-dimensional torus TN with volume VN ∼ rN where r is
the size of the N large extra dimensions. The 4D Planck mass
MPl can be derived from the fundamental (4 + N)-dimensional
Planck mass MD as:
M2Pl = M
N+2
D (r/2pi)
N . (1)
Assuming there are N such large extra dimensions denoted by
x5, ...., x4+N with a common size of r ∼eV−1 and one small extra
dimension denoted by y = x4 with TeV−1 size one can write
down the interaction of SM fields and the graviton in the higher
dimension as:
Sint =
∫
dx4+Nδ(x5) ... δ(x4+N)
√−gˆ Lm, (2)
where, Lm is the Lagrangian density for SM fermions and
gauge bosons and the Higgs. gˆ is higher dimensional flat metric
2
defined as gˆµˆνˆ = ηˆµˆνˆ + κˆhˆµˆνˆ where κˆ2 = 16piG(4+N) and G(4+N) is
the Newton’s constant in (4 + N) dimension. hˆµˆνˆ, being (4 + N)
dimensional tensor, has three components: the graviton hµν (4
dimensional tensor), the gravi-photons Aµi (N vectors) and N2
the gravi-scalars φi j, and defined as:
hˆµˆνˆ =
1√
VN
(
hµν + nµνφ Aµi
Aν j 2φi j
)
, (3)
where φ = φii, µ, ν = 0, 1, 2, 3, and i, j = 4, 5, 6, ..., 3 + N. Since
the gravity propagates into finite large extra dimensions it has
the following KK decompositions:
hµν(x, y) =
∑
~n
h~nµν(x) e
i 2pi~n.~yr ,
Aµi(x, y) =
∑
~n
A~nµi(x) e
i 2pi~n.~yr ,
φi j(x, y) =
∑
~n
φ~ni j(x) e
i 2pi~n.~yr , (4)
where, ~n = {n1, n2, ..., nN}. ~n = 0 and ~n , 0 respectively cor-
respond to massless graviton (hµν), gravi-photons (Aµi), gravi-
scalars (φi j) and their higher level KK-states. The mass of n-
level excited graviton, gravi-photon and gravi-scalars are char-
acterized by the size of large extra dimension ‘r’ and KK-
number vector ~n and reads mn = 2pi|~n|/r. At the leading order
of κˆ Eq. 2 reads,
Sint ⊃ −κˆ/2
∫
d4+Nx δ(x5)...δ(x4+N)hˆµˆνˆTµˆνˆ, (5)
where, Tµν, being the energy-momentum tensor in (4 + N)D, is
defined as
Tµˆνˆ =
(
− ηˆµˆνˆ + 2∂Lm
∂gˆµˆνˆ
)
gˆ=ηˆ
. (6)
Expanding the interaction action in its (µν), (µ4) and (44) com-
ponents of matter tensor one obtains the following expression:
Sint = −κ/2
∫
d4x
∫ piR
0
dy
∑
~n
[(
h~nµν + ηµνφ
~n
)
T µν
− 2A~nµ4T µ4 + 2φ~n44T44
]
e
i2pin4y
r , (7)
where κ is the Newton’s constant in 4D, defined as κ ≡√
16piG(4) = V−1/2N κˆ. With the expressions defined above one
can derive the Feynman rules corresponding the Gravity-matter
interactions. These rules can be found in Ref. [18].
1.2. Gravity Mediated Decays (GMD) of Level-1 KK particles
In this section, we would like to present relevant expressions
used for calculating GMD widths of level-1 KK particles. In
the framework of ‘fat brane’ scenarios, the SM particles are
only allowed to propagate into a small but universal extra di-
mension along the large extra dimension(s) to which only grav-
ity can propagate. This configuration of the brane in the bulk
violates translation invariance along the small extra-dimension
and hence, does respect neither KK-number conservation nor
KK-parity. This enables KK particles to decay directly into the
corresponding SM particles in association with a gravity exci-
tation, namely, gravitons, gravi-vectors and gravi-scalars. The
total GMD width is given by,
Γ =
∑
~n
Γ~n =
[∑
Γh~n + ΓA~n + Γφ~n
]
. (8)
The gravity propagates in large extra dimensions and hence,
the mass splitting between KK-gravity excitations are small,
roughly ∆m = 2pi/r ∼ eV to keV. The sum in the above equa-
tion could be replaced by integral as follows:∑
~n
Γ~n −→
∫
Γ~n dN~n, (9)
where, dN~n represents the number of gravity excitation in a
mass range (m~n,m~n + dm). ~n2 is given by m2~n/∆m
2 since the
level-~n gravity excitation mass is m2
~n = 4pi
2~n2/r2. The number
of gravity excitations in a mass range (m~n,m~n+dm) is then given
by the volume of annular space between two N-dimensional hy-
persphere with radii m~n/∆m and (m~n + dm)/∆m:
dN~n = (m~n/∆m)N−1
dm
∆m
dΩ =
1
∆mN
mN−1
~n dm dΩ, (10)
where, dΩ is N-dimensional solid angle. Using Eq. 1 one can
obtain ∆mN = MN+2D /M
2
Pl and calculate the total GMD width
by,
Γ =
M2Pl
MN+2D
∫
Γ~nmN−1~n dm dΩ. (11)
2. Collider Phenomenology
In this section, we will discuss the phenomenology of level-1
excitations of the SM fields in the context of the LHC experi-
ment. The particle spectrum of level-1 KK fields contains ex-
cited fermions (SU(2)L-doublets: Q1 and L1; SU(2)L-singlets
u1, d1 and e1), Higgses and gauge bosons (excited gluon: g1,
W-boson: W1± and Z1 and photon: γ1). In the absence of elec-
troweak symmetry breaking, the masses of all level-1 KK par-
ticles are given by R−1. However, radiative corrections [19] re-
move this degeneracy. KK-fermions receive positive mass cor-
rections from both gauge interactions (with KK-gauge bosons)
and Yukawa interactions. The gauge fields receive mass cor-
rections from the self-interactions and gauge interactions (with
KK-fermions). Gauge interactions give negative mass shift,
while the self-interactions give positive mass shift. However,
mass of the hypercharge gauge boson (γ1) receive only nega-
tive corrections from fermionic loops. Numerical computations
show that the lightest KK-particle is the hypercharge gauge bo-
son γ1 and the heaviest level-1 KK particle is the excited gluon
(g1). The radiative corrections are proportional to ln(Λ2/µ2)
where Λ is the cutoff scale. The perturbativity of the U(1)Y
gauge coupling requires Λ ≤ 40R−1. However, much stronger
bounds arise from the the running of the Higgs-boson self-
coupling and the stability of the electroweak vacuum [20, 21].
3
Figure 1: Decay cascade of level-1 gluon (g1) (a) for N = 6 and (b) for N = 2 and 4. G~n 3 h~n, A~n, φ~n. The level-1 neutrino, ν1, is omitted in sketch.
We choose Λ = 5R−1 throughout this analysis. The mass hier-
archy between level-1 KK-particles after incorporating the ra-
diative corrections is schematically shown in Fig. 1.
Level-1 quarks and gluons, being charged under SU(3)C , are
abundantly pair produced at the LHC and their decays give rise
to interesting signatures. Before going into the details of the
signatures at the LHC experiment, it is important to discuss
the decays of level-1 KK-particles. The decays of level-1 par-
ticles with emphasis on the gravity mediation was previously
discussed in detail in Ref. [22]. For the sake of completeness
of this article, a brief discussion about the decays of the level-1
KK particles is presented in the following:
2.1. Decays
In the framework of ’fat-brane’ UED, the decay mechanisms
of KK particle can be categorized into: KK-number Conserving
Decay (KKCD) and Gravity Mediated Decay (GMD).
KK-number Conserving Decay (KKCD): Conservation of
KK-number (as well as KK-parity) ensures the decay of level-1
particles only into a lighter level-1 KK-particle in association
with one or more SM particles. As a result, being the lightest
level-1 KK particle, γ1 does not have any KK-number conserv-
ing decay. For a fixed R−1 and Λ, g1, being the heaviest particle
in the spectrum, can decay into doublet Q1 and singlet (u1, d1)
quarks with almost the same probability. The singlet quarks,
in turn, can only decay into γ1 and SM quark. On the other
hand, the doublet quarks, can mostly decay into level-1 KK
electroweak gauge bosons, namely Z1 and W1. The hadronic
decays of W1 and Z1 are kinematically closed. Therefore, after
decaying into level-1 KK leptons and the corresponding SM
lepton, they finally decay into SM leptons and γ1. We also note
that the masses and the KKCD widths of level-1 particles do
not depend on the number of large extra dimensions, N and are
determined only by the size of small extra dimension R−1 and
cutoff scale of the model Λ.
Gravity Mediated Decay (GMD): As discussed in Section 1.1
and 1.2, KK-number is not a conserved quantity for the gravity-
matter interactions. Therefore, level-1 KK matter fields can
decay into a level-~n gravity excitation G~n (G~n ⊂ graviton,
graviphoton, or graviscalar) and respective SM matter parti-
cles. The partial gravity mediated decay width of level-1 matter
fields into a level-~n gravity excitation G~n can be computed us-
ing the Feynman rules for the gravity-matter interactions and
the total decay width is obtained by summing over all possible
gravity excitations with mass smaller than the decaying particle
as given in Eq.11 (for details see Ref. [22]).
In Fig. 2, we present the partial KKCD and GMD widths of
level-1 KK gauge boson (g1) (left panel) and quarks (u1, d1)
(right panel) as a function of particle mass for N = 2, 4, and 6.
KKCD widths are essentially independent of the number of
large of extra dimensions N. On the other hand, the GMD
widths are quite sensitive to the number of large extra dimen-
sions and increases for decreasing value of N. This feature can
be attributed to the fact that smaller N (for example, N = 2)
corresponds to small mass splittings between KK-gravity exci-
tations and hence, larger density of KK-gravity states and larger
GMD widths. Fig. 2 shows that KKCD and GMD widths are
comparable for N = 4 whereas, GMD(KKCD) widths are larger
for N = 2(6). This has interesting consequences at the collider
experiments which will be discussed in the following.
2.2. Collider Signatures
In Fig. 1, we schematically present the decay cascade of
level-1 KK gluon (g1). In the left (right) panel of Fig 1, we show
the dominant decay modes of g1 for N = 6 (2, 4). As argued
in the previous paragraph, for N = 6, KKCD dominates over
GMD and hence, g1 dominantly decays to level-1 KK quarks
(doublet (Q1) or singlet (q1) with almost equal probability) plus
corresponding SM quark followed by the KKCD of KK-quarks
into lighter KK-particle in association with SM quarks. The
KK number conserving decay cascade terminates at the LKP
(γ1) since the KKCD is forbidden for the LKP. However, in
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Figure 2: The KK-Number Conserving Decay (KKCD) and Gravity Mediated Decay (GMD) widths for level-1 KK gauge boson (left) and quarks (right) as a
function of particle’s mass MX . N is the number of large extra dimensions. ΛR = 5 and MD = 5 TeV are set in producing KKCD and GMD widths.
the frame of ’fat brane’ UED, gravity-matter interactions al-
low LKP to decay into γ or Z-boson plus a gravity excitation
G~n. Therefore, for N = 6, pair production followed by the
subsequent cascade decay of level-1 quarks/gluons give rise to
γγ, γZ or ZZ + X + /ET final states at the hadron collider ex-
periments where X corresponds to the SM jets/leptons emitted
in the KKCD cascade. G~n remains invisible in the detector and
hence, results into missing transverse energy signature. The
picture radically changes for N = 2 and 4 for which the dom-
inant decay modes for level-1 KK-particles are shown in the
right panel (b) of Fig. 1. For N = 2, the GMD width domi-
nates over KKCD width for a particle mass MX & 1 TeV where
X = g1,Q1(q1) (see Fig. 2). Hence, g1(Q1/q1) dominantly de-
cay into gluon(quark) plus a gravity excitation via gravity in-
dused interactions. Therefore, for N = 2, the pair production
and subsequent decay of level-1 KK gluons/quarks give rise
to di-jet plus missing transverse energy signature. The similar
conclusion can also be drawn for N = 4 for Mg1(q1/Q1) & 2(1.7)
TeV where GMD dominates over the KKCD.
After discussing the decays and hence, the signal topologies
of level-1 KK particles in the framework of ’fat brane’ UED,
we are now equiped enough to discuss the impact of the LHC
Run II data on the parameter space of the present model. In
this work, we have studied dijet and di-photon + /ET signatures
in the context of recent LHC results which will be discussed
briefly in the following.
2.2.1. Dijet+/ET search
Recently, the ATLAS collaboration [23] has performed a
dedicated search for multijet(2 − 6 jets)+/ET signatures us-
ing 36.1 fb−1 integrated luminosity data of proton-proton col-
lision at
√
s = 13 TeV. The search was designed to probe
strongly interacting supersymmetric particles namely, squarks
and gluinos. However, on the ground of consistency between
experimental data and the SM prediction, model independent
95% CL upper limits are set on the visible cross-section <
σ >95obs defined as the product of cross section, acceptance and
efficiency (σ × A × ) for any new scenario beyond the SM
physics. In this work, we now perform an analogous exercise
for mUED with gravity mediated decays. As it has been al-
ready argued in the previous section that ’fat brane’ UED dom-
inantly gives rise to dijet+/ET signature at the hadron colliders
for N = 2 and 4, we restrict ourselves to the ATLAS results for
dijet+/ET searches only which will be discussed in the follow-
ing.
In ATLAS analysis, jet candidates are reconstructed by anti-
kT jet clustering algorithm [25] with 0.4 jet radius parameter
∆R. Only jets with pT > 20 GeV and |η| < 2.8 are considered
for further analysis. Electron (muon) candidates are required to
have pT > 7 GeV and lie within |η| < 2.47(2.7) rapidity range.
5
Cuts Signal Region2j-1200 2j-1600 2j-2000 2j-2400 2j-2800 2j-3600 2j-2100
/ET [GeV] 250
pT ( j1) [GeV] 250 300 350 600
pT ( j2) [GeV] 250 300 350 50
|η( j12)| < 0.8 1.2 -
∆φ( jet1,2,(3), ~/ET )min > 0.8 0.4
∆φ( jeti>3, ~/ET )min > 0.4 0.2
/ET /
√
HT >[GeV1/2] 14 18 26
meff(incl.) >[TeV] 12 16 20 24 28 36 21
σBSM[fb] 3.6 1.00 0.42 0.30 0.32 0.20 2.0
Table 1: Cuts and the signal regions used by the ATLAS Collaboration [23] in multi-jet search along with model independent observed 95% C.L. upper limits on
the BSM contributions (σBSM) for different SRs. ∆φ( j, ~/ET )min is defined as the minimum azimuthal separation between the jets and missing transverse momenta.
HT is the sum of all jets pT . me f f (incl.) is the sum of all jets with pT > 50 GeV and /ET .
After jet and lepton identification, any jet candidate within a
distance ∆R =
√
(∆η)2 + (∆φ)2 = 0.2 of an electron is dis-
carded. Moreover, if an electron (muon) and a jet are found
within 0.2 ≤ ∆R < 0.4(< min(0.4, 0.04 + 10 GeV/pµT)), the
object is interpreted as jet and the nearby electron (muon) can-
didate is removed. If a muon and jet are found within ∆R < 0.2,
then the object is interpreted as muon and the jet is discarded.
Missing transverse energy calculation is based on all recon-
structed jets, leptons and all calorimeter clusters not associated
to such objects. Events with zero lepton and atleast one recon-
structed jet with pT > 50 GeV are selected for further analysis.
The results of ATLAS multi-jet search is presented in different
inclusive Signal Regions (SRs) based on increasing number of
jet multiplicity and tighter cut on me f f (incl.) which is defined
as the scalar sum of all jet pT ’s with pT ( jet) > 50 GeV and
/ET . Here, we are only interested on ATLAS dijet searches. In
Table 13, we present the cuts used by ATLAS collaboration to
define different di-jet SRs.
2.2.2. Di-photon +/ET search
In ’fat brane’ UED scenario for N = 6, pair productions
of level-1 KK-quarks/gluons and their subsequent KK-number
conserving cascade decay to γ1 followed by the gravity me-
diated decay γ1 → γ/Z + G~n give rise to di-photon/ZZ/γZ
+/ET final states. These signatures are analogous to the signa-
tures of gauge-mediated supersymmetry (GGM) breaking sce-
nario where the decay of next-to-lightest supersymmetric parti-
cle (NLSP) to gravitino LSP in association with a photon gives
rise to di-photon signature. With 36.1 fb−1 integrated lumi-
nosity data at
√
s = 13 TeV, ATLAS collaboration [24] have
searched for di-photon+/ET signature in the context of GGM
model. We have used the model independent bounds on the
visible di-photon+/ET cross-section (< σ >95obs) to constrain
the parameter space of mUED with gravity mediated decays.
3The signal regions with higher jet multiplicities are omitted in the table
since gravity mediated decays of KK-particles dominantly result into dijet sig-
nature and hence, for ’fat brane’ UED, strongest exclusion limits come from
the di-jet SRs.
Cuts SRγγS−L SR
γγ
S−H
Number of photons ≥ 2 ≥ 2
pT (γ1) > [GeV] 75 75
pT (γ2) > [GeV] 75 75
/ET > [GeV] 150 250
HT > [TeV] 2.75 2.00
∆φ(jet, /ET) > 0.5 0.5
∆φ(γ, /ET ) > - 0.5
< σ >95obs [fb] 0.083 0.083
Table 2: Signal regions and cuts used by the ATLAS Collaboration [24] in di-
photon search along observed 95% C.L. upper limit on model independent vis-
ible beyond the SM cross-section. HT is the scalar sum of the selected photons,
any additional leptons and jets in the event. ∆φ(jet, /ET) is the azimuthal sepa-
ration between two leading jets with pT > 75 GeV and ~/ET vector. ∆φ(γ, /ET )
is the azimuthal separation between selected photon and ~/ET vector. Visible
transverse energy variable, HT is introduced as a sum of transverse energy of
photons, any additional jets and leptons.
The details of event selection for the ATLAS di-photon+/ET
search can be found in Ref. [24] and also summarized in Ta-
ble 2. Reconstruction algorithms for jets, leptons4 and /ET are
analogous to the multijet analysis discussed in the previous sec-
tion. The photon candidates are required to satisfy pT > 25
GeV and be in the range |η| < 2.37 (excluding the transition
region). Signal regions are classified into SRγγS−L and SR
γγ
S−H to
optimize the search for GGM scenarios with heavy and light
gravitinos, respectively. The definition of SRs along with the
ATLAS observed 95% CL upper limits on BSM contribution to
di-photon+/ET cross-sections are presented in Table 2.
2.2.3. Event simulation & object reconstruction
We used PYTHIA [26] with its mUED implementation [27]
to generate parton level events corresponding to pair produc-
4For di-photon+/ET search, jets with pT > 30 GeV and |η| < 2.8 are consid-
ered. Whereas, Electron (muon) candidates are required to satisfy pT > 25(25)
GeV and |η| < 2.47(2.7) (excluding the transition region 1.37 < |η| < 1.52
between the barrel and endcap calorimeters).
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tions of level-1 KK-quarks/gluons. We choose CTEQ6l1 [28]
parton distributions with the factorization and renormalization
scales kept fixed at the parton center-of-mass energy. Ini-
tial state radiation (ISR), decay of KK-particles, showering
and hadronization are also simulated with PYTHIA. However,
PYTHIA implementation of mUED [27] assumes GMD to be
smaller than the KKCD (which is true for N = 6) and hence,
gravity mediated decays for heavier level-1 KK-particles are
ignored. Gravity mediated decay of LKP (γ1) into a γG~n-pair
is considered only. However, as it has been argued, the GMD
widths could be comparable (or even dominant in some parts
of parameter space) with KKCD widths for N = 4 and 2 and
hence, the GMD modes for heavier level-1 KK-particles can
not be ignored. Moreover, mixing angle (Weinberg angle) be-
tween B1µ and W
1
3µ being extremely small, the LKP γ1 is es-
sentially the level-1 excitation of Bµ and hence, can decay to
both γG~n-pair and ZG~n-pair. The later decay mode is ignored
in the PYTHIA implementation of mUED. We have modified
PYTHIA PYWIDTH subroutine to accommodate all possible
GMD modes for all level-1 KK-particles. For the reconstruction
of physics objects (jets, leptons, photons, /ET etc.) and selection
of signal events, we closely follow the prescription of Ref. [23]
for dijet+/ET analysis and Ref. [24] for di-photon+/ET analy-
sis. Jets are reconstructed with FastJet [29] implementation of
anti-kT clustering algorithm [25]. Finally, the signal cross sec-
tions for different signal regions (defined in Table 1 and 2) are
compared with the respective ATLAS observed 95% CL upper
limits (also shown in the same Tables). The final results are
presented in Fig. 3 and discussed in the next section.
2.3. Bounds on ’fat brane’ UED scenario
The collider signatures of ’fat brane’ UED scenario depend
on three parameters, namely the radius of small extra dimen-
sion, R, number of large extra dimension, N, and fundamental
4 + N dimensional Planck mass, MD. The radius of universal
extra dimension R determines the mass scale of the level-1 KK-
excitations of SM particles and hence, the production cross-
sections at the LHC. Whereas, N and MD determine the mass
splitting between the gravity excitations and hence, the density
of gravity KK-states5 and strength of GMD widths. Therefore,
the signal cross-sections for different ATLAS defined signal re-
gions crucially depend on R−1, MD and N. We have scanned
R−1 and MD in the range of [1, 3] TeV and [5, 15] TeV, respec-
tively and compared ’fat brane’ UED contributions to different
SRs with the ATLAS observed 95% CL upper limits. The re-
gions of R−1–MD plane excluded from different LHC 13 TeV
searches are shown in Fig. 3 for N = 2(top left panel), 4(top
right panel) and 6(bottom panel).
Exclusion limits for N = 2: Due to smaller(larger) mass split-
ting between (density of) KK-gravity excitations for N = 2,
GMD widths are large and dominate over KKCD widths.
As a result, after being pair produced at the LHC, KK-
quarks/gluons dominantly decay into a SM quark/gluon in as-
sociation with a gravity excitation and give rise to di-jet+/ET
5Smaller N and MD corresponds to smaller mass splitting and hence, larger
density.
signature. Fig. 3(top left panel) shows that for N = 2, the re-
gion below R−1 = 2.7 TeV is excluded form ATLAS dijet+/ET
search (in particular, by SR 2j-24006). This bound is inde-
pendent of MD ∈ [5, 15] TeV. On the other hand, ATLAS
di-photon+/ET search only excluded a small part of parame-
ter space in the large-MD and small-R−1 region. In particular,
R−1 < 1000(1540) GeV for MD = 7050(15000) GeV is ex-
cluded from di-photon+/ET results. This can be attributed to the
fact that GMD(KKCD) widths decrease(increase) with increas-
ing MD(R−1) and hence, in large-MD and small-R−1 region, cas-
cading of few pair produced KK-quark/gluon to LKP via KK-
number conserving interactions followed by gravity mediated
decay of LKP gives rise to few di-photon+/ET events.
Exclusion limits for N = 4: The situation changes drastically
for N = 4 case in which KKCD widths become comparable
with the GMD widths. The interplay between the strengths of
GMD and KKCD resulting into dijet+/ET or di-photon+/ET sig-
natures in different parts of parameter space is clearly visible
in Fig. 3(top right panel). As discussed in the previous para-
graph, for low(high)-MD, GMD(KKCD) dominates and hence,
stringent limit arises from dijet(di-photon)+/ET search. There-
fore, for N = 4, both searches are sensitive to different (and also
complementary) parts of the parameter space. In particular, we
found that for MD = 5(15) TeV, di-photon search excludes R−1
below 1740(2690) GeV and corresponding lower limit from di-
jet search is 2665(1820) GeV.
Exclusion limits for N = 6: In this case, the KKCD domi-
nates over the GMD. Therefore, pair produced of level-1 KK-
quarks/gluons decay into a pair of γ1 via cascade involving
other level-1 KK-particles. Subsequent gravity mediated de-
cay of γ1’s into photons or Z-bosons in association with gravity
excitations gives rise to di-photon, ZZ or γZ plus /ET signa-
tures. We have studied di-photon+/ET signature and Fig. 3(bot-
tom panel) shows that exclusion region is dominated by ATLAS
di-photon+/ET results. Whereas, small part of parameter space
in the low-MD region is also sensitive to dijet+/ET search. For
instance, for MD = 5(15) TeV, R−1 < 2120(2880) GeV region
is solely excluded by di-photon+/ET results. On the other hand,
dijet+/ET search is only sensitive for MD < 6.5 TeV and ex-
cludes R−1 below 2.5 TeV.
3. Conclusion and Discussion
To summarize, we have studied the phenomenology of ‘fat-
brane’ UED scenario in the context of the LHC run II data. In
particular, we used ATLAS searches for multi-jet+/ET and di-
photon+/ET signatures (with
√
s = 13 TeV and 36.1 fb−1 inte-
grated luminosity data) to constrain the parameter space of this
model. Di-photon+/ET as a signature of ‘fat-brane’ UED sce-
nario was previously studied by the ATLAS collaboration with√
s = 7 TeV and 3.1 pb−1 integrated luminosity data [30]. The
previous ATLAS analysis was done for N = 6 and MD = 5 TeV
6We have studied all the dijet signal regions defined in Table 1. We have
also studied 3 and 4-jets signal regions defined in Ref. [23] (but not shown in
this paper). We found that strongest bounds arise from SR 2j-2400 and hence,
in Fig. 3, we have only presented bounds corresponding to SR 2j-2400.
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Figure 3: The exclusion region of ‘fat-brane’ UED model parameters R−1 and MD from ATLAS multi-jet [23] (green (and blue for N = 6)) and di-photon [24] (red)
searches for N = 2 (top left panel),4 (top right panel) and 6 (bottom panel). ΛR = 5 is assumed throughout the analysis.
and assumed 100% branching ratio for γ1 → γG~n and neglected
the gravity mediated decays of other level-1 KK-particles. In
this work, we have relaxed these assumptions and performed a
detailed analysis of ‘fat-brane’ UED scenario. We found that
gravity mediated decays of level-1 KK-particles are significant
for N = 2 and 4 and hence, can not be ignored. Even for N = 6
with low-MD(∼ 5 TeV), gravity mediated decays significantly
alter the decay cascade of the level-1 KK-paticles. When the
gravity mediated decays dominate over the KK-conserving de-
cays, pair production of KK-quarks/gluons gives rise to multi-
jet+/ET signatures. Depending on the parameters of the model,
namely N, MD and R−1, the KK-number conserving decays may
also dominate over gravity-mediated decays as well resulting in
di-photon+/ET signature. We found that multi-jet and di-photon
searches are sensitive to different (and also complementary) re-
gions of the parameter space. For instance, the LHC 13 TeV
and 36.1 fb−1 multi-jet(di-photon)+/ET data excludes R−1 be-
low 2.7(2.9) TeV for MD = 15 TeV and N = 2(6). Similarly,
for MD = 5(15) TeV and N = 4, a lower limit of 2.7 TeV on
R−1 arises from ATLAS multi-jet(di-photon) search. All these
limits on R−1 for different N and MD are larger by a factor of
3.5 or more than the previously obtained limits in Ref. [30].
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